The research assessed losses in methane production as a result of raising digester salt concentrations to marine values, and of increasing the feedstock sulphate concentration.
Introduction
If algal biofuels are to become part of the future portfolio of renewable fuel products then cultivation in seawater is probably the only realistic option for very large-scale production (Malcata, 2011) . One promising approach is through the production of biomethane by anaerobic digestion (AD) of the whole biomass or of biomass residues after extraction of other products, including bio-oils (Sills et al., 2012; Wiley et al., 2011) Although washing of seaweeds to remove salt before digestion has been normal practice (Sarker et al., 2012) , it is not realistic to consider this approach for micro-algae which are harvested at much lower biomass concentrations. Centrifugation and re-suspension in fresh water is technically possible, but is energy intensive and has a high water demand: both factors which are likely to make this approach economically unfeasible. Technologies are therefore needed that can deal with wet feedstocks with a high salt content (Milledge, 2013) and in the case of AD this means developing a process that can operate at seawater concentrations of salt. The earliest study on the effect of the main cations in seawater (Na, K, Ca, and Mg) on AD was that of McCarty et al (1964) in which stimulatory, moderately inhibitory and strongly inhibitory concentrations were reported, all of which were substantially lower than the concentrations found in seawater. These findings have been reiterated in further work (Speece & Parkin, 1983) , and reported tolerances for sodium in non-acclimated mesophilic consortia are generally <12.0 g Na + L -1 for UASB reactors and lower for CSTR operation (Hierholtzer & Akunna, 2012; Lefebvre et al., 2007) . Higher thresholds have been reported, for example of 60 g Na L -1 (Aspe et al., 1997) ; this value, however, was interpolated from the results of batch tests at 20.8 and 120 g Na L -1 . Oh and Martin (2013) adopted a fundamental thermodynamic approach and applied a stoichiometric model of methanogenesis to predict the inhibition thresholds of sodium. The results show clearly that in thermodynamic terms very high concentrations of sodium can be applied without potential inhibition. Achieving this, however, requires overcoming entropic limitations which can result in a loss of spontaneity. The work of Mottet et al., 2014 showed successful methanogenesis using both a halophilic inoculum derived from a saline sediment and an inoculum taken from an industrial wastewater treatment plant with an influent Na concentration of 10 g L -1 . Both of these were tested to concentrations of 35 g L -1 in batch methanogenic tests, and showed methane conversion efficiencies close to those under non-saline conditions. Non-acclimated biosolids taken from a sewage sludge digester, however, could not acclimatise under the conditions of the batch testing.
When dealing with digestion of marine-derived biomass another potential concern is sulphate, which is the second most abundant anion in seawater with a concentration of around 2.8 g SO 4 L -1 . Sulphur is required in concentrations between 1-25 mg L -1 for the healthy operation of an AD system, but at higher concentrations its reduction by sulphate-reducing bacteria (SRB) impacts on the digestion process. SRB have a higher growth rate and a lower half saturation value than methanogens (Archer & Kirsop, 1991) , giving them a kinetic advantage in competition for acid intermediate products, and thus reducing the methane production potential of the system (Liamleam & Annachhatre, 2007) . The activities of SRB lead to the formation of reduced sulphur compounds which are present as H 2 S in the biogas and as both HSand dissolved H 2 S in the liquid phase, in proportions depending on the equilibrium conditions. When metal ions are present, these will combine with sulphates to form insoluble metal precipitates. With the exception of these precipitated sulphur compounds, all forms of sulphur can be problematic in digestion and its ancillary processes. In the gaseous form H 2 S is responsible for malodours and also for corrosion of combustion engines: this means it must be removed from biogas by scrubbing or absorption systems, and all exhaust gases must be treated for odour removal. In soluble form the toxicity of sulphides to methanogens depends on the equilibrium between HSand soluble H 2 S, which is pH dependent. Variations in this parameter have a major effect on toxicity, as at pH >8 the main component is the less toxic dissociated HS -, whereas at pH <7 soluble H 2 S liq is predominant. The latter is much more toxic, as the un-ionized molecule can pass through the cell membrane (Speece & Parkin, 1983) , producing sulphide/disulphide crosslinks between polypeptide chains within the proteins (Koster et al., 1986; Vogels et al., 1988) , which in extreme cases result in cell death.
The equilibrium between HSand soluble H 2 S is also influenced by temperature and salinity (Blunden & Aneja, 2008; Garrels & Christ, 1965) . As most AD systems work in this pH range, it is not surprising that a wide range of sulphate concentrations have been reported as either inhibitory or toxic (Koster et al., 1986; Omil et al., 1995; Parkin et al., 1990) .
The reporting of sulphate toxicity/inhibition/competition values is particularly challenging because of the difficulties in accurate determination of the different forms of reduced sulphur;
and for this reason limits are sometimes expressed simply in terms of input sulphate concentration. Threshold values must therefore be treated with caution, but at input sulphate concentrations above 1000 mg L -1 there will generally be a noticeable decrease in methane productivity through competition from SRB, especially if the COD:SO 4 is below 10:1 (Hulshoff Pol et al., 1998; O'Flaherty & Colleran, 1999; Scherer & Sahm, 1981) .
Concentrations of total soluble sulphide between 200-1500 mg L -1 have been reported as inhibitory and/or toxic both to the methanogenic consortium and to SRB, with 50-250 mg L -1 un-ionized H 2 S liq being inhibitory (Koster et al., 1986; Omil et al., 1995; Parkin et al., 1990) .
Methane productivity may also sometimes be compromised by the precipitation of essential trace metals as insoluble sulphides, thus potentially causing nutrient deficiency and further decreasing the efficiency of the system (Elferink et al., 1994) .
Although methanogenesis at sea water concentrations of salt has been demonstrated in batch culture using microalgae and a saline-tolerant inoculum (Mottet et al., 2014) , in practice, commercial operation will require supplies of inoculum that are readily available from large-scale sources (Hierholtzer & Akunna, 2012) ; can be successfully acclimated; and can be maintained under continuous feeding at an acceptable loading
The aim of the current work was therefore firstly to quantify any loss in methane production as a result of the high salinity, and in particular to differentiate clearly between those associated with salinity and those due to sulphate. A secondary objective was to acclimate a methanogenic consortium taken from a municipal sewage sludge digester to high salt concentrations, in preparation for the digestion of a harvested but unwashed marine algal biomass in a subsequent experiment.
Materials and methods
The experimental work was divided into four phases. Phase 1 was a preliminary trial to assess salt dosing strategies and chloride salt mixes for a non-acclimated inoculum. Phase 2 used fresh inoculum that was spiked at different concentrations with a sulphate-free salt mix.
Phase 3 used the acclimated inoculum from phase 2 and subjected it to increasing concentrations of chloride salts. Phase 4 assessed the effect of replacing a proportion of magnesium chloride with magnesium sulphate to give a range of sulphate concentrations.
The work in phases 1-3 was carried out in 10 fed-batch continuously-stirred tank reactor (CSTR) digesters each with a working volume of 1.5 L, while phase 4 used eight fed-batch shake flasks each of 400 mL working volume.
Feedstock
In phase 1-3 of the work, each digester was fed daily on a combined feed consisting of 90 mL of a base synthetic medium (BSM) with the composition shown in Table 1 , and 10 ml of a saline solution made up of concentrated salt solution and de-ionized (DI) water. The concentrated salt solution contained (g L -1 ) 27.4 NaCl, 3.2 MgCl 2 .6H 2 O, 1.51 CaCl 2 and 0.7
KCl to give molar ratios of 1:0.87:0.03:0.03:0.02 for Cl, Na, Mg, Ca and K, similar to mean ocean ratios (Brown et al., 2005) . This concentrate was diluted as required to give the desired additional salt concentration in the combined feed. In addition, in phase 1 one pair of reactors was run on BSM supplemented with a commercially available sea salt preparation (Ultramarine Synthetic Sea Salt, Bristol, UK).
In phase 4 of the work, the concentrated salt stock solution was made up of (g L -1 ) 27.4 NaCl, 
Laboratory-scale reactors
The CSTRs used in phase 1-3 of the work were constructed from PVC. The top plate had a gas collection outlet, an access port sealed with a rubber bung, and a draught tube liquid seal providing access for an asymmetric bar stirrer driven by a 40 rpm motor. Digester temperature was maintained at 35±0.5 ˚C by circulating water from a thermostaticallycontrolled reservoir through copper heating coils wrapped around each reactor. Feedstock addition and digestate removal were carried out via the access port, the latter by means of a 100 mL syringe. Gas production was measured continuously by tipping-bucket gas counters (Walker et al., 2009 ), which could be connected to gas-impermeable sampling bags. Gas counter calibration was checked regularly by measuring the volume of gas collected using a water displacement weight-type gasometer (Walker et al., 2009 ). All gas volumes reported are corrected to standard temperature and pressure (STP) of 0 ˚C and 101.325 kPa.
Phase 4 used eight 500 mL Erlenmeyer flasks each fitted with a rubber bung with two tube insertions: one for collection of gas in a gas bag and the other, which was normally closed, for feed addition and digestate removal. The flasks were maintained in an orbital incubator (Orbi-Safe, Gallenkamp) at 35±0.5˚C and 120 rpm, and the volume of gas collected was measured daily as above.
Inoculum
Inoculum used in phase 1 and phase 2 was taken from a mesophilic anaerobic digester treating municipal wastewater biosolids at Millbrook wastewater treatment plant, Southampton, UK. The inoculum in phase 3 was taken from phase 2, and that for phase 4 from phase 3.
Experimental design
The digesters used in phases 1-3 were numbered R1-10 and operated in duplicate pairs. In phase 1 the inoculum in R5-6 was adjusted (spiked) on day 13 to a salt concentration of 10 g L -1 and from then on these digesters were fed with BSM made up to a 10% concentration of mixed chloride salts. In R1-4 and R7-8 there was no spiking of the inoculum, and salt was introduced as part of the daily feed at the concentrations shown in Table 2 . R1-4 received dilutions of the stock mixed chloride salts, and R7-8 the commercial sea salt mix. Digesters R9-10 were maintained as controls fed on BSM and DI water without any salt addition. In phase 2 the inoculum in each reactor was initially adjusted to the target salt concentration (Table 2) , and the reactor was then fed on BSM made up with salt solution to the target concentration. In phase 3 the salt concentration in the reactors and in the feed was further increased by 1 g L -1 every 14 days up to day 350. The concentration was then raised to 31.1 g L -1 and maintained at this concentration until day 400. In all cases the hydraulic retention time (HRT) was 15 days.
Inoculum for Phase 4 was prepared by mixing the digestate from the salt-supplemented digesters R1-8 at the end of phase 3. 400 ml of inoculum was added to each Erlenmeyer flask and the sulphate concentration was adjusted using MgSO 4 to give initial concentrations as shown in Table 2 . The flasks were then fed at same HRT and OLR as previously applied to the CSTR digesters, the only difference being the adjustment of the sulphate concentration in the salt mix added to the BSM.
Analytical methods
Biogas composition was determined using a Varian CP-3400 gas chromatograph (GC) calibrated with a 60:40% CH 4 :CO 2 (v/v) standard gas (BOC Ltd, UK). pH was determined using a Mettler Toledo FE20/EL20 pH meter with a combination glass electrode calibrated in buffers at pH 7.0 and 9.2 (Fisher Scientific, UK Millero (1986) and Sigel et al. (1991) , with the total soluble sulphide fraction presumed to consist of H 2 S and HSdue to the operational pH range within the digesters.
Results and discussion

BSM feed
Measured values for key properties of the BSM are shown in Table 3 . Based on these results the maximum TMP according to the Buswell equation was 0.452 L CH 4 g -1 VS added, and the TCV was around 20.0 MJ kg -1 VS. The average organic loading rate (OLR) on the reactors was 2.1 ± 0.1 g VS L -1 day -1 .
Phase 1 -preliminary trial
Specific methane production (SMP) and volumetric biogas production (VBP) in R5&6 supplemented to 10 g L -1 of salt fell as soon as the digesters were spiked to the target concentration (Figure 1a and b) , and continued to decline steadily. VBP, SMP and biogas methane content in digesters R3&4 with feed-only supplementation to 16 g L -1 began to fall from day 23, and declined even more rapidly. The start of this decline in biogas production corresponded to an estimated dilute-in salt concentration of 9 g L -1 . These changes were accompanied by a steady fall in pH and a rise in VFA concentrations (Figure 1c and d) ; and on day 35 feeding of digesters R3-6 was stopped. In the following days there was little or no recovery in biogas production or pH. Gas production and other parameters in digesters R1&2
and R7&8 supplemented at 8 g L -1 was similar to that in the controls, with no obvious difference between the laboratory and commercial sea salt. There was a small increase in VFA concentration in these digesters from around day 30: the reasons for this are not known, but similar transient VFA peaks of this type have previously been observed when inoculum from this source is acclimated to a new feedstock (unpublished data, University of Southampton). Based on these results, it was concluded that the inoculum was unable to adapt to shock salt additions of ≥ 10 g L -1 and it was therefore decided to test a range of initial salt additions from 6-9 g L -1 in phase 2 of the work.
3.3
Phase 2 -initial acclimatisation to Cl, Na, Mg, Ca, and K All of the digesters acclimated successfully to the feedstock and the initial salt additions applied in this phase of the work, with only minor signs of stress or instability. TAN rose in response to the feedstock composition, but stabilised rapidly at around 2.4 g N L -1 (Figure 2a ).
pH rose from 7.3 to around 8 in all digesters by day 30, then fell back to 7.5-7.7 (Figure 2b) .
Total alkalinity increased, reflecting the increase in TAN content, then stabilised at around 7.4 g CaCO 3 L -1 (Figure 2c ). Digesters R3-R8 with salt supplementation above 6 g L -1
showed transient VFA peaks between day 30-60 (Figure 2d ), reaching as high as 4.8 g L -1 in R4. The VFA peaks were reflected in the partial alkalinity and in the IA/PA ratio (Figure 2e and f); by the end of Phase 2, however, these were again close to the control values in R9&10.
Digestate solids contents (Figure 2g and h) reflected both acclimatisation to the feedstock and the amount of salt addition in each pair of digesters, with TS contents rising in response to the initial salt addition, then declining. A mass balance approach and visual observation at the end of the run indicated this may have been due to precipitation of struvite on solid surfaces in the digester. Gas production in the salt-supplemented digesters was similar to that in the controls (Figure 2i and j), with exception of R8 which showed a temporary drop of around 20% between days 3-34: the reason for this is unknown, but performance subsequently recovered to match that in the other digesters. The high SMP in R3&4 at the end of phase 1 reflects the decline in accumulated VFA (Figure 2j and d) . Table 4 shows the average values of key monitoring parameters for the last 20 days of Phase 2, after 3 HRT at the additional salt doses used.
At the end of Phase 2 average volumetric biogas production (VBP) and specific methane production (SMP) in all digesters apart from R7 appeared to show a slight downward trend with increasing salt addition (Table 4 ). The controls R9&10 achieved 92% of the TMP and conversion of 83% of the TCV into CH 4 . The SMP of digesters R1&2 supplemented at 6 g L -1 was equal to that of the controls, while R8 with 9 g L -1 salt addition achieved 83% of the TMP and 76% conversion of TCV. These results indicated that after >3 HRT of operation at their respective salinities there were still some small differences in performance between the controls and the more heavily salt-supplemented digesters, but that the anaerobic consortium could successfully adapt to an initial step in salinity to 9 g L -1 .
Phase 3 -increase in salt addition
In Phase 3 the added salt concentration in the salt-supplemented digesters and in the feed was increased by 1 g L -1 every 14 days. With each step in salinity a small decrease in pH and SMP was observed compared to the controls, followed by a recovery in SMP and a partial recovery in pH. The pH in the supplemented digesters fell to around 7.4-7.5 by day 100 and continued to decline to around 7.3-7.4 by day 350 (Figure 3a ). There was some disturbance in TAN concentrations after salt incrementation began (Figure 3b ), perhaps indicating changes in the concentration of microbial biomass present in the reactor (Lindorfer et al., 2012) . TA and PA in the salt-supplemented digesters fell from around day 200 (Figure 3c and d) ,
corresponding to salt concentrations of 16-19 g L -1 . The fall was especially sharp in R1&2,
where PA dropped to 2.1 and 2.5 g CaCO 3 L -1 over the next 60 days, with an IA/PA ratio above 1 (Figure 3e ). VFA peaks of around 5 g L -1 appeared in both digesters in this period (Figure 3f ), consisting primarily of acetic acid but also 1.0-1.3 g L -1 of propionic, 0.7 g L -1
iso-valeric and small increases in butyric, iso-butyric and valeric acids (Figure 3g and h) .
VFA concentrations fell rapidly after day 274, reaching values below 0.1 g L -1 by day 281.
Similar but much smaller VFA peaks were observed in the digesters at higher salt loadings, with the magnitude corresponding inversely to added salt concentration. In R1&2 there were accompanying falls in pH, VBP, SMP and biogas methane content (Figure 3i and j seen in the digesters that had previously been at slightly lower loadings, but these had disappeared by day 400. Table 5 shows the average values of key monitoring parameters for the last 20 days of Phase 3. The pH in the salt-supplemented digesters was lower than in the controls, with average values of 7.33 and 7.67 respectively. TAN concentrations were also slightly lower on average.
The IA/PA ratio of the salt-supplemented digesters was slightly higher than in the controls, at 0.37 and 0.26 respectively, although both were within the range considered as indicating stability. The average VBP and SMP of the salt-supplemented reactors was lower than that of the controls, although R1 and especially R5 showed good gas production. This difference was supported by the slightly higher VS content in the salt-supplemented digesters compared to the controls, corresponding to average VS destructions of 70 and 79% respectively.
By the end of Phase 2 all digesters appeared to be operating stably in terms of pH, alkalinity and gas production (Figure 3) . The salt-supplemented digesters on average showed a 6-7% reduction in SMP and percentage conversion of TCV compared to the controls.
Phase 4 -sulphate addition
The main monitoring parameters for phase 4 are shown in Figure 4 . The control reactor F1 showed a small rise in VFA concentration and IA/PA ratio, possibly due to disturbances during the transfer of the inoculum from phase 3; but no longer-term changes were seen and gas production and other parameters maintained their previous values, with pH averaging around 7.5.
Reactors F2 and F3 with the lowest concentrations of added sulphate showed little or no effect from the sulphate supplementation: the pH remained steady at an average value of 7.5 ( Figure 4a ), while TA and IA/PA stabilised at average values of 4.8 and 5.0 g CaCO 3 L -1 and 0.34 and 0.35, respectively (Figure 4b and c) . VFA concentrations remained below 0.2 g L -1
( Figure 4d ), and gas production (Figure 4e and f) and biogas methane content were similar to those in the control. In F4, supplemented at 1000 mg SO4 L -1 , the pH also remained around 7.5 and TA stabilised at 5.3 g CaCO 3 L -1 , with an IA/PA ratio of 0.36. In this reactor, however, the VFA concentration rose to 2.5-2.7 g L -1 between days 14-28, then declined to the same range as in the control (Figure 4d ). Gas production in F4 was slightly below that in the control in this period but recovered by around day 70.
Reactors F5-8 with increasing sulphate concentrations showed more marked reactions to the sulphate addition. Between day 0-50 the pH fell to 7.1 in F5 and to 7.2 in F6 and 7 ( Figure   4a ), before gradually returning to around 7.5 by the end of the run. VFA rose rapidly until day 14 and remained high until day 68, before declining towards control values. Average VFA concentrations during this period were in reverse order of added sulphate concentration, at around 5.9, 5.0, 4.3 and 2.5 g L -1 in F5, 6, 7 and 8 respectively (Figure 4d ). The main component in each case was acetic acid, with iso-valeric acid present in concentrations of up to 1 g L -1 and small amounts of iso-butyric acid. The effect of the VFA was reflected in the IA/PA ratios for each reactor (Figure 4c ). TA in F5-7 stabilised from day 126 on at 6.2-6.5 g CaCO 3 L -1 , while in F8 the average TA was much higher at 7.6 g CaCO 3 L -1 (Figure 4b ).
IA/PA ratios for F5-7 fell as the VFA accumulation declined, but were still 0.5 or above by the end of the run, while the IA/PA ratio in F8 was below 0.4 from day 100 on (Figure 4c ).
These differences between the more heavily sulphate-loaded reactors were also evident in the gas production, with VBP in F5-7 falling to half that of the controls by around day 50, accompanied by a drop of 8-10% in biogas methane content and corresponding decreases in SMP (Figure 4e and f). Gas production in these reactors then gradually recovered, although it was still only 85-90% of the control value at the end of the run. In contrast gas production in F8 was only slightly reduced up to day 38 and had recovered to the control value by day ~120.
The lower gas production in F5 was reflected in a fall in VS destruction, to around 32% on day 55 (Figure 4g ). By the end of the run VS destruction in F1-4 and F8 had stabilised at between 65-69%, while F5-7 still showed reduced values ranging from 53-63%.
TAN concentrations in all reactors were similar, averaging around 2.5 g N L -1 , with the exception of F7 (2500 mg SO 4 L -1 ) which stabilised at 2.2 g N L -1 (Figure 4h) . Figure 5a and b show the biogas H 2 S concentration and volumetric H 2 S production during the experimental period. Initially H 2 S production was non-linear in relation to sulphate addition, with reactors F2-4 at lower sulphate concentrations producing proportionally more H 2 S than F5-8 at intermediate and higher sulphate concentrations: results for day 4 are shown in Figure   5c . After 2 HRT, the relationship between both concentration and volume of H 2 S produced with the amount of added sulphate had stabilised and become more linear (Figure 5d ) suggesting that the system had adapted.
These patterns in H 2 S production may also help to indicate the reasons for the behaviour of the different reactors. H 2 S is produced by sulphate-reducing bacteria (SRB), and in the process of sulphate reduction hydrogen ions are consumed, thus increasing the alkalinity and providing additional buffering. The initial addition of sulphate caused rapid production of H 2 S and an increase in soluble sulphide concentrations to 1200 mg L -1 or more, within reported values for the toxicity threshold of 200-1500 mg L -1 (Chen et al., 2008; Koster et al., 1986; Parkin et al., 1990) . This resulted in partial inhibition of methanogenesis, leading to the observed rise in VFA concentrations in reactors with sulphate additions ≥1.58 g SO 4 L -1 . At 1.58 g SO 4 L -1 (F4) pH remained stable and the VFA accumulation was consumed fairly rapidly. At 236, 3.15 and 3.94 g SO 4 L -1 (F5-7) the VFA increase led to a fall in pH, whereas at 4.73 g SO4 L-1 (F8) the pH increased slightly.
As noted earlier, pH is a major controlling factor in relation to sulphide speciation and a reduction can shift the equilibrium between HSand the more toxic H 2 S, potentially causing inhibition of methanogenesis. Reactors F5-7 with intermediate sulphate addition had lower initial conversion of H 2 S, less consumption of H + and therefore lower partial alkalinity and greater pH change. In contrast in F8, the reactor with the highest sulphate conversion, the consumption of H + was sufficient to buffer pH change and reduce VFA formation. pH values in F5-7 were in the critical range for sulphide toxicity: in F6 and F7 the minimum pH was around 7.2, where 88% of sulphide is present as HS -; whereas in F5 at a minimum pH of 7.1 the fraction of H 2 S increases to 19%. Parkin et al. (1990) reported inhibitory sulphide concentrations in the range of 100-800 mg L -1 dissolved sulphide or approximately 50-400 mg L -1 undissociated H2S. O'Flaherty et al. (1998) observed that sulphide inhibition for both SRB and methanogens was related to the un-ionized sulphide concentration in the pH range 6.8-7.2 and to total sulphide concentrations above pH 7.2. The apparent fall in VS destruction observed in F5 during the period of low pH may also indicate some sulphide inhibition of hydrolytic and acidogenic organisms, in addition to methanogenesis.
As H 2 S production in the reactors with intermediate sulphate addition stabilised after 2 HRT, the alkalinity and pH recovered, allowing the VFA accumulation to be reduced. By the end of the experimental period gas production in F2, 3 and 8 was equal to that in the control while that in digesters F5-7 was approaching the control value. Figure 5d shows the relationship between sulphate addition, volumetric H 2 S production and substrate COD/SO 4 ratio: it can be seen that the reactors were successfully able to convert the maximum marine sulphate concentration at the COD:SO 4 ratios applied.
Final sulphate concentrations in the digestate ranged from 16-257 mg SO 4 L -1 , corresponding to conversion of 94-95% of the added sulphate in reactors F3-8 (500-3000 mg SO 4 L -1 ), and of 84% for F2 (100 mg SO 4 L -1 ). These values are similar to the conversion efficiencies of 90-96% reported by (Omil et al., 1995) .
Conclusions
The results demonstrated the feasibility of acclimating digestate from a mesophilic digester treating municipal wastewater biosolids, a readily-available and high-volume inoculum source, to a high salinity feedstock. Before acclimatisation the digestate had a salt tolerance of <10 g L -1 but by gradual incremental addition under continuous feeding conditions stable operation was achieved at a chloride salt concentration of 31. This in turn led to a decrease in VBP and a drop in the biogas methane content. These effects could be attributed to toxicity from H 2 S, and the extent to which this occurred in each case was accounted for by pH changes that affect the chemical equilibrium of the reduced sulphur species. After a period of acclimatisation the digesters receiving marine or higher concentrations of sulphate adapted, with 94-95% of the added sulphate being reduced to sulphide. This led to a reduction in SMP which was ~5% lower than in non-salt supplemented controls; in other respects digester performance and stability were comparable. The results thus provide an insight into the relative effect of chlorides and sulphates in digestion of saline feedstocks, and confirm the potential for commercial-scale AD of marine algal biomass without the need for a washing step. Table 2 ). 
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